A new family of polymeric binders for solid composite propellants is proposed, based on two component interpenetrating polymer networks (IPNs). These networks comprise two different polyurethanes based on hydroxy terminateq polybutadiene and ISRO polyol interpenetrated with two different vinyl polymers, viz poly methyl methacrylate and polystyrene. The networks synthesised by the simultaneous interpenetrating technique have been characterised for their properties., such as stress-strain, density, viscosity, thermal degradation, and heat of combustion. Phase morphologies have been determined using electron microscopy. Suitable explanations have been adduced to ratioA8lis.e the properties of IPNs in terms of their structures and chain interactions. A study of the mechanical properties and burning rates of the ammonium perchlorate (AP)-based solid propellant using tho. newly synthesised IPNs as binders, has been carried out. The results show that both mechani~r5trength and burning rate of solid propellants could be suitably modified by simply changiri8 ib~ nature and/or the ratio of the two interpenetrating polymer components.
INTRODUCTION
form of blends, block and graft copolymers, or interpenetrating networks, all of which are usually characterised by the presence of two or more polymeric phases in the solid stage4. Of the various methods of mixing tWQ kinds of polymer materials, the use of interpenetrating polymer networks (IPNs) has been considered i.n the present -study.
Solid propellant rocket motors draw the attention of investigators because of their operational simplicity. Both combustion and mechanical properties of these motors are much influenced by the nature of the oxidiser and elastomeric binder used thereinl.2. Modifications in composition are continuously b g made to alter the properties of existing propellants in an attempt to incr6ase the structural integrity and/or specific impulse, modify -the burning rate and decrease the incidence of combustion instability of the rocket engine. Keeping pace with the growth, the polymeric binders have undergone profound technological improvement". In the last decade, the .relatively poor economic~ of new polymer production in relation to the need for new cost-effective materials for specific applications, has generated wide interest in multicomponent polymer systems. A right combination of the components, often available readily, may result in df'sired properties of the final product, without invoking new synthesis. The new multicomponent materials may be obtained in the
The purpose of selecting the IPNs used in the present investigation is severalfold; blended polymers often experience phase stability problems due to. lack of permanent chemical bonding between the two polymer phases. The graft and block copolymers are more expensive than simple blends and certainly more restricted in their range of compositions. properties, thermal behaviour and heat of combustion of unfilled IPN systems, and mechanical properties and burning rates of propellant systems using the newly synthesised IPNs as binders.
Vinyl Polymers
A resin kettle equipped with a nitrogen inlet, stirrer and thermqmeter was immersed in a water bath. It was charged with desired amount of MMA monomer, 1 per cent by weight of the initiator BPO and 2.5 per cent by weight of DVB. The mixture was stirred to dissolve BPO. The reaction mixture was cast in molds as used for the PU preparation and cured at 60 °C for 18 hr and 80 °C for 4 hr to obtain PMMA. A similar procedure was used to make PS.
Interpenetrating Networks
To obtain IRNs, HTPB was homogeneously mixed with calculated amount of MMA for 4 hr at 50 °C. BPO was then added and stilTed until it dissolved. To this mixture, mI with DBmL was addetl slowly. The cross-linking agents, glycerol for PU and DVB for PMMA, were then added to the reaction mixture and mixed for another 5 min. The air entrapped during mixing was removed by .applying vacuum. The mixture was then cast in the same manner as described earlier .A schematic illustration of IPN synthesis is shown in Fig. 1 
Experimental Techniques
The morphological behaviour was studied using JEOL 840 JSM Scanning Electron Microscope. Samples were prepared for SEM by freeze fracturing them in liquid nitrogen and applying a gold coating of 15 nm approximately.
For mechanical strength, test ~ecimen of IPN films were cut ipto a dumb-bell shape, using a die. The stress-strain properties were determined using .an Instron Universal Testing Machine Model 1112, according to ASTM D 638 procedure. The visco&ities of the uncured IPN prepolymer mixtures were measured using a Brookfield Synchro-Lectic Viscometer at 25 °C. The densities of the IPNs were determined by the displacement method according to ASTM D 792-86 procedure, at room temperature. A Shimadzu DT A-40 Simultaneous DT A-TG Thermal Analyser was used to determine the thermal stability. In a typical run, a 10 mg sample was examined employing a heating rate of 10 °Omin in flowing nitrogen atmosphere, maintaining the flow at 50 ml/min .
The heat of combustion (calorific value) measurements of the IPNs were made using a constant volume isothermal bomb calorimeter (Toshniwal, India), under a constant pressure of oxygen (20 psi).
A device was fabricated indigenously to determine the burning rate at the atmospheric pressure, .in controlled atmosphere. I t consists of a propellant strand holder, in a glass enclosure, two eleetric circuits each for igniting the propellant and providing signals to the electronic timer, and a provision for allowing the flo\v of inert gas. The propellant strand (60 mm length, 4 mm dia) inhibited by TiO2 in araldite coating, is mounted,in the holder.and placed vertically inside the glass chamber, as shown in Fig. 2 .
The holder height is so adjusted, that the strand could touch the igniter wire. To measure the burning time, two fuse wires are threaded around the strand at an accurately measured distance and connected to the electronic timer to give start and stop signals. When the propellant is ignited by the heating element, the advancing burning front blows up the fuse at the top end and thereby gives signal to start the timer. When the burning front reaches the fuse wire near the bottom end, it blows, which gives signal to the timer to stop counting. Knowing the distance between the fuse wires and the time, the burning rate can be calculated.
RES{JL TS AND DISCUSSION
The morphology of PU-PMMA and PU-PS IPNs is shown in Fig. 3 percentage of PtJ increases the tensile strength decreases significantly and reaches a minimum at 40 per cent of PU. Then onwards the tensile strength increases reaching a maximum at 80 per cent of PU. The pure PMMA and PS samples were found to be too brittle to cut and hence no reliable measurements could be obtained. However, the values of tensile strength and percentage elongation at break of both PS and pMMA are in the range of 4000 psi and 5 per cent respectively8. This could be due to the low extensibility (5 per cent) of the rigid component (PMMA or PS).
As the concentration of the vinyl n'onomer increases in the IPN composition. the viscosity of the prepolymet mixture decreases significantly as shown in Tables I and   2 . This factor could be advantageous in propellant technology. as low viscosity of the binder facilitates the mold filling. Further. the problems of using plasticiser to improve the fluidity can be eliminated by the use of dual reactions in an IPN system.
The actual and the calculated densities based on the volume additivity of the components are shown in Tables I and 2 One explanation of the thermal stabilisation of the IPNs could be that several of the volatile products of polybutadiene (PBD) degradation (propene, pentene, 4-vinylcyclohexene), if they diffuse into the PS (or PMMA) phase, could act as radical inhibitors13 by losing H atoms to the PS (or PMMA) radicals with the formation of allylic-type radicals of relatively low reactivity. The 4-vinylcyclohexene, being both of lower volatility and present in greater quantity, appears most likely to be effective in this respect: Also, there are five reactive H atol!1s in the molecule in the oc-position to a double bondl4.
Apart from this radical mechanism of degradation of PBD, the presence of PU linkage also could play an important role in the degradation mechanism. As shown by TGA studies, even the ISPO-based IPNs show some enhancement in thermal stability, although they do not possess the PBD group. It is now fairly well established that the radical mechanism plays an important role in the thermal degradation of PUIS. On the other hand the degradation of PMMA and PS at a temperature of about 150-500 °C has been shown to yield monomers by the stepwise I,lnzipping processl6. The TGA thermograms in the present study seem to indicate that the enhancement of the weight retention is related to the presence of the unzipped methacrylate or styrene monomer. One possible explanation, therefore, could be that the unzipped monomers act as scavengers for the radicals produced from the PU degradation, thus delaying the further reaction of radicals with volatile amines, alcohols, isocyanates, olefins and carbon dioxide. The lower thermal stability of ISPO-based I~Ns may also be due to the presence of secondary hydroxylurethanes linkage. It has been reported that primary hydroxyl-urethanes are more thermally st~ble than secondary hydroxyl-based urethanel7. In addition, ester linkages may contribute to the lower thermal stability of ISPO-based urethanes.
The heat of combustion ( ~Hc) of IPNs and component networks are listed in Tables 1 and 2 . It is seen from the Tables that the heats of combustion of the IPNs are of the order of 7-10 kcaUg. The ~Hc data shows a linear relationship with the PU concentration, i.e., the property is additive, and the ~Hc values are intermediate between PU and vinyl polymer. It is also seen that IPNs based on HTPB give higher heats of combustion than those based on ISPO. The theoretical heat of combustion values were evaluated by the method given by Jainl8. Small deviations observed from the calculate,d values may be due to, apart from some experimental error, .the composite nature of the polymer. Moreover, in the calculated ~Hc values, no allowance has been made for the isocyanate content, whtch is likely to contribute negatively to the ~Hc values. This is reflected in the lower observed value of Hcof PU 100 than that calculated in both HTPB and ISPO-based systems. The higher b.Hc of HTPB-based IPNs are due to the presence of an almost saturated hydrocarbon chain of PU. The addition of PS and PMMA to the HTPB-PU system decreases its heat of combustion. This is because of the low heat of combustion of PS and PMMA as compared to the HTPB-PU. The b.Hc of ISPO-based PU is less than that of PS, but more than that of PMMA. Increasing the. con~ntration of PS in these IPNs therefore, increases the heat of combustion while the addition of PMMA decreases the b.Hc value. The mechanical properties of. the propellant processed at a constant level (70 per cent by weight) of solid loading (amount of AP) using the IPNs compositions as binders, are given in Table 3 . It is seen that tensile strength of the propellants increases with the increasing concentration of vinyl polymer while the percentage elongation at break decreases.
In the light of these observations, on re-examination of the earlier data Gn mechanical properties of the unfilled IPNs presented in Figs 4 and 5, it is seen that all the unfilled systems are having higher tensile strength and percentage elongation than the filled system. This can be explained as follows. For any significant contribution to mechanical and other properties by the apart in the filled system than in the unfilled system.
Consequently, the hydrogen bonding is disturbed and the interpenetration effect would be minimised.
However, the crystalline nature of the vinyl polymer aids in increasing the tensile strength. The percentage elongation at break exhibits only a marginal decrease with increase in vinyl polymer concentration.
The measured strand burning rate data of the propellants in nitrogen atmosphere having the IPN compositions and the polyurethane as binders, are presented in Table 3 . Each d'dta point represents the results of atleast three firings. The burning rates of thp ropellants increase with the vinyl polymer (PMMA/PS) content of the IPNs. Thus, the addition of vinyl monomers, particularly, the methyl methacrylate increases the burning rate significantly.
This fact is borne out by the results on both the HTPB and ISPO-based propellants. The higher burning rate of propellants from PMMA-based IPNs is attributed to the good burning characteristics of PMMA 2!}. The polystyrene IPN-based propellants produce a lot of smoke due to the presence of aromatic group. The HTPB-IPN-based propellants have higher burning rate dispersed phase in a two-phase composite, the important requirement is the continuity in the structure. A problem in particulate-filled composite is the poor stress transfer at the filler polymer interface. Because of non-adherence of the filler to the polymer which may give rise to dewetting or cavitation coupled with breakdown of filler agglomerates, discontinuity is created in the structurel9. The filler particles cannot carry the load, thus making it a weak body. Stress conce-ntrations will be created around the particles, reducing the composite strength further. Decrease in elongation is obviously due to increased rigidity in the presence of the solid AP, which impedes the deformation of IPNs, i.e. , the IPN matrix is stiffened by the particulate phase of AP. The particles restrict the mobility and deformability of the IPN matrix by introducing a mechanical restraint, the degree of which depends on the particulate spacing and properties of the particle and matrix. 
